This paper presents a method for predicting proton-induced Single Event Effect (SEE) rates in devices exposed to given proton fluxes, within a particular spacecraft shielding. The approach uses heavy-ion cross section experimental data, combined with nuclear reaction calculations, in order to determine proton-induced SEE cross section versus proton energy relationship. An important consideration in the miniaturization of electronic components is the phenomenon of Single Event Effects (upset, latch-up ...). They are a current problem in spacecraft Random Access Memories (RAMS) and will become increasingly important because of the trend to smaller components and more complex circuitry, with more and more bits of memory. A lot of studies are focused on cosmic rays effects on microelectronics (direct effects), which are not necessarily the principal source of SEEs observed in-flight In fact, SEEs due to protons are particularly significant, especially for earth-orbiting spacecraft carrying multi-megabit memories and operating under high proton fluxes (South Atlantic Anomaly on Low Earth Orbit -LEO -, proton solar flares on Geosynchrowus Earth Orbit -GEO).
the results of Bendel [ 11, and with ground based experimental data Then, available on-orbit SEE data are used and compared with our predictions. Finally, a comparison of predicted SEE rates for both protons and cosmic rays at various 60" circular orbits is discussed. Good agreement is found in all cases.
An important consideration in the miniaturization of electronic components is the phenomenon of Single Event Effects (upset, latch-up ...) . They are a current problem in spacecraft Random Access Memories (RAMS) and will become increasingly important because of the trend to smaller components and more complex circuitry, with more and more bits of memory. A lot of studies are focused on cosmic rays effects on microelectronics (direct effects), which are not necessarily the principal source of SEEs observed in-flight In fact, SEEs due to protons are particularly significant, especially for earth-orbiting spacecraft carrying multi-megabit memories and operating under high proton fluxes (South Atlantic Anomaly on Low Earth Orbit -LEO -, proton solar flares on Geosynchrowus Earth Orbit -GEO).
Although cosmic ray-induced SEE cross sections are about 1 6 times greater than those due to protons, the proton fluxes met on Low Earth Orbits and particularly for inclinations ranging from 10" to 50". compared with cosmic rays fluxes [2] observed in the same area, are about 1 6 higher. So indirect proton effects have to be taken into account carefully.
Unlike a heavier ion, mere passage of a proton doesn't produce sufficient ionization to upset the usual circuits at the present stage of miniaturization. However, a nuclear reaction initiated by a proton can produce sufficient ionization for a SEE, by the intermediate of the secondary particles involved during the proton-silicon interaction. The probability of proton-induced SEEs and the dependance of the upset cross sections on proton energy can be investigated experimentally.
But, the energies required for simulating earth-orbiting proton fluxes (from one to several hundreds of MeV) involve huge technical means to be put into activity (Synchroton, Cyclotron). Besides, the experimental data give a good picture of the energy dependance of proton-induced SEE at intermediate energies, but produce a confused picture near threshold and at high energy.
An alternative approach for examining proton-induced SEEs consists of using nuclear reaction calculations. This approach is used in this work to complement the data. The cross section versus energy relationship developed, supplemented with experimental heavy-ion SEE data (cross sections versus LET), which are in all cases measured in order to characterize the device sensitivity to cosmic rays, is then combined with the proton spectrum inside the spacecraft to give proton-induced SEE rates as a function of the device sensitivity parameters and the orbit considered.
Outline of model
Proton fluxes inside the wcecra f t The average proton flux, responsible for these effects on the circular earth-orbit considered, is obtained from tabulations by Stassinopoulos The figure 1 gives an estimate of trapped proton fluxes transmitted by plane aluminium shields of various thicknesses for a low earth polar orbit (700 km -97"), during minimum solar activity. This figure shows great residual transmitted fluxes for proton energies ranging from a few MeV to about 500 MeV.
Nuclear Reaction Calculation, The condition for a SEE is that some critical or threshold amount of charge is deposited within the sensitive volume (for the upset phenomenon, it corresponds to the depletion region of the p-n junction) of the device. This charge can be generated along the trajectories of individual heavy cosmic ray nuclei as they traverse the sensitive volume (direct ionization), or along a number of secondary particles emerging from nuclear interactions between the primary particles and one of the atomic nuclei of the medium (indirect process). Our approach has been to develop a computer code to simulate this proton-induced nuclear reaction phenomenon.
The process can be divided into a cascade stage and an evaporation stage. There is a fairly extensive literature on both stages. The present program incorporates ideas from G.E. The residual nucleus is left with a certain amount of excitation energy. In the evaporation stage, inside the nucleus particles continue to collide each other. If enough energy is concentrated in a particle near the surface of the nucleus and moving in the right direction, that particle can escape. Kinetic energies of emitted neutrons and protons can be calculated. Deexcitation by gamma ray emission is neglected. The production of secondary nucleons, assumed to be isotropic, is computed with density levels defined by Weisskopf [ 111 and Dostrovsky [ 121 and pairing energies given by Cameron [13]. Particle emission ceases when the excitation energy falls sufficiently low. The nucleus that remains after the cascade and evaporation stages has some kinetic energy, which is computed, taking into account all the characteristics (energy and angle distribution) of the corresponding secondaries. Our results were found to be in very close agreement with those reported by Metropolis [9,10], as regards the mass losses of the nucleus involved, as well as both cascade proton and neutron spectra and angular distributions. This program is utilisable for any proton environment (monoenergetic, continuous spectrum, monodirectionnal or isotropic) and any shielding type and thickness. Figure 2 shows the kinetic energy spectrum for the nuclear recoils generated by inelastic interactions induced by 350 MeV protons in silicon. The calculations suggest recoils having kinetic energies as high as 45 MeV.
During both stages of cascade and evaporation, production of pions for proton energies greater than 500 MeV is not taken into account. In like manner, only secondary protons and neutrons are followed during the inelastic interactions protonsilicon : emission of deuterons, tritons. H&, alph as... is not examined. Statistical fluctuations below 50 MeV carry uncertainties as regards the number of subsequent recoils. These approximations introduce significant inaccuracies for proton energies lower than 50 MeV and greater than 500 MeV. figure 3 where the SEU cross sections are plotted as a function of the effective LET of the incident ion (effective LET is the incident ion's LET divided by the cosine of the angle of incidence of the ion from normal to the face of the device). b) 2164A, The Intel 2164A is an alpha sensitive NMOS 64K dRAM which exhibits consistent cross section measurements among devices tested and a high total dose tolerance making the device suitable for extended radiation studies. Heavy-ion irradiations were carried out at the 88 inch Cyclotron at the University of California at Berkeley [15] . In figure 4 , the heavy-ion SEU cross section obtained is plotted versus the LET of the incident particles with appropriate geometric corrections for angles of incidence. 
Proton-induced SEE cross sectio ns calculation
Secondarv LET sDectrum, Proton-induced SEE cross sections may be obtained by integrating the heavy-ion SEE cross section over the LET spectrum of secondary ions emitted during the nuclear reaction. The secondary LET spectrum is derived from the recoil energy spectra of secondaries given by our nuclear reaction calculations, combined with the ionproducing inelastic cross sections developped by Tsao and Silberberg [16, 17] . At this stage of calculation, we suppose that the recoiling nuclear fragments provide a major contribution to energy deposition in the sensitive volume of the device, we neglect eventual energy shares brought by the primary particle before interaction and by the secondary protons produced during the nuclear reaction. The point where the interaction takes place and the solid angle under which the sensitive volume is seen are both examined. sections with experimental data collected by Bisgrove et al. [15] for the Intel 2164A dRAM.
Umet Rate Results
When the interior proton flux is folded with the protoninduced upset cross section, the upset rates of figure 7 are obtained. These rates are plotted for various altitudes in circular orbits at 60" inclination and with a "typical" shielding distribution, calculated by Langworthy 1211 and used by Petersen [22], corresponding to a representative location in a light (c 500 Ib) spacecraft. Our results are compared with Bendel's model for the 93L422 RAM and appear to be in good agreement at all altitudes.
ComDarison of UOSAT-2 upset rate measurements with our prediction
The University of Surrey satellite UOSAT-2 is on a 700 km -98" orbit and carries large semiconductor memories for "Store and Forward" communications experiments. The total memory capacity monitored is 2.4 Megabits of static and dynamic MOS memories of various architectures and from various manufacturers. Flight data has been provided with the courtesy of L. .
Among all on-board memories, two devices were selected for a comparison between on-orbit upset data and our predictions. These memories are the Harris HM6564 8K x 8 and the Harris HM6.516 2K x 8 CMOS static RAMS for which heavy-ion test data is available (the HM6504, which is the basic element of the HM6564 and the HM6516 have been The saturation values of the cross section measured at high LETS determine the surface area of the sensitive volume, which is assumed to be a square. The sensitive volume of the HM6504 is assumed to be 14.8 pm wide and 3 p thick. For the HM6516, the dimensions chosen are 13.5 pm wide and 3 pm thick. Taking into account the "typical" mass distribution shielding of Langworthy [21] , we obtain an upset rate of 2 . l~l O -~ upset per bit per day for the HM6564 and 5 . 2~1 0 -~ upset per bit per day for the HM6516. Over the whole period for which data are currently available (OW 1/87 to 01/11/88), the number of upsets observed on board yields an average upset rate of 2 . 4~1 0 -~ upset per bit per day for the HM6564 and 4~1 0 -~ upset per bit per day for the HM6516. Present calculations are found to be in excellent agreement with inflight data.
Comparison of heavv-ion and proton-induced upsets at low earth orbits
It is interesting to compare the single event upset rates for both protons and cosmic rays. The figures 9 and 10 show the calculated upsets per bit per day as a function of altitude for the two Harris devices, during solar maximum period. ALTITUDE (km) Fig. 10 . Calculated SEU rate versus altitude for 60" circular orbits for both protons and cosmic rays (HM6516).
The proton spectrum into the spacecraft corresponds to the proton spectrum behind a typical shielding for 60" orbits. The peak in the upset rate is located at the heart of the proton radiation belt (about 2600 km). The predicted cosmic ray upset rate computed with our code COSTRANS [25] , is also plotted. For 60" orbits, the cosmic rays are most important, except in the heart of the proton belts. Closer to the equator the cosmic rays will be shielded by the earth's magnetic field, and so the cosmic rays will decrease while the proton upset rates will increase slightly. As one moves towards orbits over the pole, the cosmic rays become slightly more important because they will be shielded by the earth's magnetic field less of the time. Conclusion
Calculations simulating nuclear reactions and the passage of secondary particles through a sensitive volume, combined with experimental heavy-ion SEU cross section versus LET data, appear to give excellent agreement with experimental test data. A key feature in this calculation is starting with a good heavy-ion cross section curve. In fact, the largest contribution to the uncertainty of the calculation is due to inaccuracies in the ground based characterization of the upset cross section.
Measurement of on-orbit SEU rates in the HM6504 and HM6516 RAMS have been obtained during 1987 and 1988 aboard the UOSAT-2 satellite. We found that the calculated results agreed very well with the on-orbit data provided by L. Adams et al.[23] .
Some improvements may be required : emission of pions, deuterons, tritons, alphas .... must be computed, light fragment contribution to the deposited charge in the collection volume must be included in the model, Monte Carlo simulation of the exact nuclear reaction location and trajectory lengths of ions within the sensitive volume must be performed.
Comparison between both cosmic rays and protons effects shows that, even with the low proton induced-upset cross sections involved, proton upsets should be taken into account in the design of future satellite memory systems which may be exposed to the South Atlantic Anomaly.
